Introduction {#Sec1}
============

Forage availability, in terms of both quality and quantity, is the greatest impediment to animal production in semi-arid regions; this is mainly due to irregular rainfall. The use of conserved fodder, such as silages and hay, is common to ensure the feeding of livestock throughout the year; however, given the edaphoclimatic conditions, the production of conserved forage is still limited.

In face of the adversity of the arid and semi-arid regions, cactus cladodes are widely used around the world (Oliveira et al. [@CR13]); they present high green matter production, even in hydric stress (Ben Salem [@CR2]), and are greatly palatable to ruminant animals (Leite et al. [@CR10]). The Brazilian semi-arid region, which represents approximately 970,000 km^2^ (Brasil [@CR3]), has been suffering from a period of drought since 2012 (Marengo et al. [@CR12]). In the same time period, and associated with this drought, cactus cladode plantations were attacked by cochineal insect-pests (*Dactylopius coccus*), practically depleting all forage stocks.

Given the high dependence on livestock in the semi-arid region, producers needed to acquire external inputs, resulting in the commercial production of roughage in northeastern Brazil and irrigated areas to produce maize and forage sorghum silage, Tifton hay, and sugar cane sold at high prices. This activity solved the problem in the short-term; however, in the medium- and long-term, it could impair the sustainability of the local livestock production.

Thus, the restoration of the cactus cladode field became necessary. In this region, two resistant cultivars for ruminants have been studied: cactus *Nopalea cochenillifera* (L.) Salm-Dyck cladodes and cactus *Opuntia stricta* (Haw.) Haw. cladodes. Although cactus cladodes are an energy- and water-rich feedstuff, they have low protein and fiber contents, restricting their inclusion in ruminant diets. Nonetheless, these deficits may be balanced with the inclusion of a non-protein nitrogen source, such as urea and roughage that is high in physically effective neutral detergent fiber (NDF). In this context, the utilization of agro-industrial residues that are commonly rich in fiber, such as oat, maize, and wheat straw, as well as sugarcane bagasse, can be used to balance the low NDF content of cactus cladodes-based diets (Almeida et al. [@CR1]).

The sugarcane bagasse, a result of juice extraction after crushing in the mills, is the largest residue of Brazilian agroindustry. For each cane ground ton, 700 l of cane juice and 300 kg of bagasse (50% of dry matter) are obtained. The bagasse was all used as fuel in the industry's own boilers, replacing wood. And more than 15 years ago, different industrial sectors began to use the bagasse as a fuel, making the mills and distilleries invest to optimizing the boilers and turbines, increasing the bagasse production. Nowadays, the sugarcane bagasse excedent is about 20% of the total production (Teixira et al. [@CR18]).

It was hypothesized that the combination of cactus *Nopalea* and cactus *Opuntia* cacti with sugarcane bagasse, a waste residue of the sugar and alcohol industry, as well as urea, may present a similar nutritional value as traditional roughages, such as maize and forage sorghum silages, as well as Tifton hay. Therefore, this study aimed to evaluate the nutritional value of different roughage sources for sheep and goats from the determination of their nutrient intake and digestibility.

Materials and methods {#Sec2}
=====================

This experiment was conducted at the Laboratory of Feed Evaluation for Small Ruminants II of the Animal Science Department of the Federal Rural University of Pernambuco (UFRPE), Recife, Brazil.

Five female Saanen goats and five female crossbred sheep (*Somalia Brasileira x Morada Nova x Bergamácia Brasileira*), at body weight of 27.61 kg (± 4.35 kg) and age of 6 months, were distributed in a double 5 × 5 Latin square design. The experimental animals were selected based on sex, age, and initial body weight. The animals were housed in metabolism cages and provided with a feeder and drinkers. The trial lasted 105 days, with five consecutive 21-day periods, which were divided into 14-day adaptation and 7-day sampling periods.

The five experimental diets were composed of different roughages; additionally, common salt and vitamin-mineral premix were provided (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). Treatments consisted of cactus *Nopalea cochenillifera* (L.) Salm-Dyck cladodes (Nopalea) + urea:AS + sugarcane bagasse (NUB), cactus *Opuntia stricta* (Haw.) Haw cladodes (Opuntia) + urea:AS + sugarcane bagasse (OUB), Tifton hay (TH), maize silage (MS), and forage sorghum silage forage (SS). The cactus cladodes were offered chopped and mixed with the other diets ingredients. Tifton hay (10.1% crude protein) was adopted as a protein source. The maize silage (Agroceres® AG5055 cultivar: yellow-orange and early-cycle medium grain) and sorghum silage (SF-15) had the percentage of crude protein (CP) corrected with urea:AS (9:1). For roughages based on cactus cladodes, sugarcane bagasse was used for NDF correction and urea was used to ensure adequate protein. Feeding was offered ad libitum as a mixed ration at 08 h00 and 16 h00, and orts were weighed daily before the morning feeding in order to estimate the animals' intake.Table 1Chemical composition of ingredients used in the experimental diets (DM, %)ItemRoughage*Nopalea* ^1^*Opuntia* ^2^SB^3^TH^4^MS^5^SS^6^DM11.111.989.885.825.223.3OM86.889.0093.591.494.191.8CP3.404.001.110.18.96.00NDIP1.271.060.341.430.730.62NDFap26.030.285.974.761.969.4iNDF9.711.945.629.618.122.9ADF17.217.864.244.842.646.9NFC64.556.35.55.919.712.8^1^Cactus *Nopalea cochenillifera* (L.) Salm-Dyck cladodes; ^2^Cactus *Opuntia stricta* (Haw.) Haw. cladodes; ^3^Sugarcane bagasse; ^4^Tifton hay; ^5^Maize silage; ^6^Forage Sorghum silageTable 2Proportion of ingredients and chemical composition of the roughagesIngredient, %Roughages^1^NUB^2^OUB^3^TH^4^MS^5^SSMaize silage------97.89--Sorghum silage--------96.62Tifton hay----97.99----Cactus *Nopalea*61.54--------Cactus *Opuntia*--60.44------Sugarcane bagasse33.6234.80------Urea/AS^6^2.762.61--0.261.50Mineral mixture2.082.162.011.751.88Nutritional composition, %DM16.7618.1386.0325.6023.92OM84.8586.3389.5691.1188.70CP9.829.709.909.409.78NDF44.8848.1573.2060.5967.06iNDF21.3023.1029.0017.7022.20NFC36.5034.305.9021.4014.20ME (Mcal/kg of DM)2.432.512.232.262.10^1^Cactus *Nopalea* + urea + sugarcane bagasse; ^2^Cactus *Opuntia* + urea + sugarcane bagasse; ^3^Tifton hay; ^4^Maize silage; ^5^Forage Sorghum silage; ^6^Urea + ammonium sulfate (9:1)

Voluntary intake was evaluated from the 15th to 21st day of the experimental period; in this sense, the amounts of supplied feed and orts were considered. In the digestibility trial, a total collection of faeces was taken on the 16th, 17th, and 18th days of each experimental period (72 h), starting and finishing at 06 h00. Faeces were collected through the metabolism cage. At the end of each collection day, faeces were weighed and homogenized, and an aliquot of approximately 50 g/kg was taken and frozen at − 18 °C, as well as samples of orts and feed that were taken over the same trial period.

Feeds, orts, and faeces samples were dried in a forced ventilation oven (60 °C) for 72 h and processed in a Willey mill with 1- and 2-mm sieves. Subsequently, samples were compiled per animal and experimental period. The samples that were processed to pass through the 1-mm screen sieve were evaluated for dry matter (DM; method INCT-CA G-003/1), organic matter (OM; method INCT-CA M-001/1), CP (method INCTCA N-001/1), ether extract (EE; method INCT-CA G-005/1), neutral detergent fiber corrected for ash and protein (NDFap; methods INCT-CA F-002/1, INCT-CA M-002/1, and INCT-CA N-004/1), acid detergent fiber (ADF; methods INCT-CA F-004/1), and neutral detergent insoluble protein (NDIP; method INCT-CA N-004/1) according to the standard techniques of the Brazilian National Institute of Science and Technology in Animal Science (INCT-CA; Detmann et al. [@CR5]). Feeds and orts samples that were processed to pass through the 2-mm screen sieve were evaluated for indigestible NDF (iNDF; method INCT- CA 009/1) content using a 288-h in situ incubation procedure. The quantification of non-fiber carbohydrates (NFC) was performed according to Detmann and Valadares Filho ([@CR4]) as follows: NFC = OM − \[(% CP − % CP of urea + % urea:AS) + % NDF + % EE + MM\]. The total digestible nutrient (TDN) content of the diets was determined according to Weiss et al. ([@CR20]), and its conversion to metabolizable energy (ME) was estimated by Detmann et al. ([@CR6]).

The DM prices per kg adopted for the final estimated costs of each roughage were urea:AS (US\$ 0.68), salt (US\$ 0.16), minerals (US\$ 0.81), silages (US\$ 0.47), and hay (US\$ 0.49); these were the current prices in the livestock market. The cactus cladode prices were taken from Donato et al. ([@CR7]), corrected to the year 2019. The dollar conversion rate was US\$ 1.00 = R\$ 3.10.

Relative data on intake and total digestibility were analyzed using the MIXED procedure in SAS (version 9.4), according to the following model:
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The means were compared with a Tukey's test. A significance value of 0.05 was adopted as the critical value of the probability of type I error.

Results {#Sec3}
=======

Relating to the different roughages, there was almost no difference in the chemical composition between the cactus *Nopalea* and cactus *Opuntia*, and both were near the values presented in the Brazilian Tables (Cqbal; Valadares Filho et al. [@CR19]). Due to the similar chemical composition observed for roughages based on cactus cladodes (Table [3](#Tab3){ref-type="table"}), the results found were also similar in between them. The conserved roughage (MS, SS, and TH) used in the semi-arid region and adopted in this trial presented different chemical composition values for DM, NDF, ADF, and NFC, as verified by Valadares Filho et al. ([@CR19]; Table [3](#Tab3){ref-type="table"}).Table 3Chemical composition of Tifton hay, maize silage, and forage sorghum silageItem, %Tifton hayMaize silageForage Sorghum silageActualCqbal^1^ActualCqbal^1^ActualCqbal^1^DM85.888.725.231.123.328.1OM91.492.494.194.391.893.6CP10.19.38.97.186.06.3NDFap74.771.961.950.269.456.3iNDF29.630.518.117.922.922.6ADF44.839.542.629.546.932.5NFC5.98.919.734.912.829.5^1^Mean values according to Brazilian Tables (Cqbal; Valadares Filho et al. [@CR19])

There was no variation in the intake and digestibility of nutrients between the species (sheep and goats) in this study, and the interaction between roughage and species was not significant (*P* \> 0.05). The intakes of DM (0.62 versus 0.42 kg/day) and CP (0.06 versus 0.04 kg/day) were higher for NUB than SS, respectively (Table [4](#Tab4){ref-type="table"}). The OM intakes for NUB (0.52 kg/day) and MS (0.54 kg/day) were greater than SS (0.38 kg/day). The NDF intakes for TH (0.37 kg/day) and MS (0.35 kg/day) were greater than NUB (0.25 kg/day) and OUB (0.22 kg/day). The intakes of NFC for NUB (0.29 kg/day) and OUB (0.23 kg/day) were greater than MS (0.11 kg/day), which was higher than TH (0.03 kg/day). The ME intake for NUB (1.52 Mcal/day) was greater than TH (1.04 Mcal/day) and SS (0.89 Mcal/day).Table 4Nutrient intake and digestibility for sheep and goats fed different roughagesRoughagesSEM*P* valueItemNUB^1^OUB^2^TH^3^MS^4^SS^5^RoughagesSpeciesR x S^6^Intake, kg/dayDM0.62 a0.52 ab0.50 ab0.58 a0.42 b0.0410.0170.9320.089OM0.52 a0.45 ab0.45 ab0.54 a0.37 b0.0370.0230.9430.112CP0.060.050.050.050.040.0740.0430.2730.064NDF0.25 b0.22 b0.37 a0.35 a0.28 ab0.024\< 0.0010.6340.096NFC0.29 a0.23 a0.03 c0.11 b0.05 bc0.002\< 0.0010.2900.359ME, Mcal/day1.52 a1.21 ab1.04 bc1.28 ab0.89 c0.026\< 0.0010.9330.092Digestibility, %DM58.0359.3358.6762.3056.802.4640.6010.1710.566OM63.70 a61.67 a61.26 ab61.80 a57.36 b0.9710.0020.1840.653CP71.04 a67.69 a67.75 a59.02 b63.24 b1.061\< 0.00010.6530.633NDF52.29 c48.89 c63.07 a58.47 b60.43 ab0.873\< 0.00010.7720.871^1^Cactus *Nopalea* + urea + sugarcane bagasse; ^2^Cactus *Opuntia* + urea + sugarcane bagasse; ^3^Tifton hay; ^4^Maize silage; ^5^Forage Sorghum silage; ^6^Roughages and animal species interaction. Means followed by different letters on the same line differ by the Tukey test (P \< 0.05)

Regarding DM digestibility, there was no variation among the different roughages (*P* \> 0.05; Table [4](#Tab4){ref-type="table"}). The OM digestibilities of NUB (63.7%), OUB (61.67%), and MS (61.80%) were higher than SS (57.36%). The CP digestibilities of NUB (71.04%), OUB (67.69%), and TH (67.75%) were higher than MS (59.02%) and SS (63.24%). The NDF digestibility for TH (63.07%) was higher than MS (58.47%), which in turn, was higher than NUB (52.29%) and OUB (48.49%).

Discussion {#Sec4}
==========

The tested silages presented lower dry matter and NFC contents and a greater cell wall content (NDF and ADF) than the values verified by Valadares Filho et al. ([@CR19]), especially the forage sorghum silage. Considering these differences and the current market prices, it can be inferred that, if livestock continue to depend on commercial roughages, the sustainability of the ruminant production system will be threatened.

The results for intake and digestibility were discussed jointly for both animal species since there was neither a species effect nor a roughages x species interaction. Nutrient intake is influenced by numerous factors, particularly nutrient content, the associative effects of dietary components, and feed processing (Macedo Júnior et al. [@CR11]). The greater observed intake for NUB may be attributed to the high NFC content of this roughage (41.54%; Table [2](#Tab2){ref-type="table"}). In addition, the roughage composed of cactus *Nopalea* may have been distinguished by its high palatability, corroborating with the results of a dairy cow study (Silva et al. [@CR16]). The low observed intake for SS may also be associated with a high concentration of ADF (46.9%), which is associated with low nutrient digestibility, providing ruminal repletion, reducing the rate of passage and, thus, reflecting the low dry matter intake (Yang et al. [@CR21]).

The OM intake followed the pattern of the DM intake, whereas the NFC intake was a function of the chemical composition of the different roughages (Table [2](#Tab2){ref-type="table"}). The highest NFC proportion was observed for the roughage composed of cactus cladodes, presenting a higher NFC intake (0.262 kg/day) as a consequence, whereas the roughage with a lower proportion of NFC was TH (Table [3](#Tab3){ref-type="table"}), presenting, consequently, a lower intake for this nutrient (0.026 kg/day).

The observed response in NDF intake was also associated with the chemical composition of the roughages (Table [1](#Tab1){ref-type="table"}). Since the NDF contents were lower for the cactus cladode roughages (NUB and OUB), the NDF intake was also lower with these roughages (0.227 kg/day). The opposite pattern occurred for MS and TH, which presented higher proportions of NDF in their composition, promoting a greater intake of this nutrient (0.349 kg/day), following the observed DM intake. Even with the high NDF content of SS (Table [1](#Tab1){ref-type="table"}), the DM intake for this roughage was low, making its NDF intake proportionally low. Lastly, the ME intake for NUB was explained by the high NFC intake, as well as the high digestibility of this nutrient (83%).

The increase in CP digestibility for NUB and OUB can be attributed to a higher non-protein nitrogen (NPN; 2.76 and 2.61% in the total diet) compared to the other roughages (Table [3](#Tab3){ref-type="table"}), presenting a high ruminal disappearance rate of NPN as a function of its high solubilization (Jin et al. [@CR9]).

The greater NDF digestibility observed for TH is related to the high concentration of structural carbohydrates in this roughage. These components present slower ruminal digestion rates when compared to the soluble carbohydrates present in the spineless cactus, which are rapidly degraded. Therefore, the higher retention time of hay in the rumen is associated with the higher fiber degradability provided by the extensive activity of the microorganisms on the feed (Siqueira et al. [@CR17]).

The low NDF digestibility for the roughage composed of cactus cladodes, urea, and sugarcane bagasse (50.59%; Table [3](#Tab3){ref-type="table"}) was probably due to the low digestibility of sugarcane bagasse (Gomes et al. [@CR8]). Bagasse contributed to 65% of the total NDF of the NUB and OUB roughages. The low digestibility of the bagasse fiber, as well as the high concentration of the complex chemical bonds of lignin with cellulose and hemicellulose, is a topic that is widely discussed by researchers; this justifies the chemical treatment of this feed with calcium, for instance, which seeks to promote improvements in its nutritional value (Pimentel et al. [@CR14]). The bagasse treated with calcium oxide reduces the NDF content and increase the digestibility; however, the presented fiber composition of the bagasse is what we aim to correct the cactus cladodes NDF content.

Considering the results of this study, and the limitations of forage production in semi-arid regions with low rainfall regularity, the importance of cactus cladodes for production systems in arid and semi-arid regions is evident. The roughages with the tested cactus cladodes were simple mixtures at a ratio of 62:3:35 (cactus cladodes:urea/AS:bagasse), making it possible to provide a similar energy level as other traditional conserved roughages (Tifton hay and maize silage) and a higher energy level than sorghum forage silage. This analysis becomes relevant when the DM costs per kg and the energy unit of each roughage can be compared. The roughages composed of cactus cladodes presented a much cheaper DM cost per kg compared to the other evaluated roughages, with the cactus cladodes promoting a lower cost per unit of energy (Table [5](#Tab5){ref-type="table"}).Table 5Price per kg of DM and Mcal produced according to the roughagesItemRoughagesNUB^1^OUB^2^TH^3^MS^4^SS^5^ME (Mcal/kg of DM)2.432.512.232.262.10R\$/kg of DM^6^0.600.601.521.221.14R\$/Mcal^6^0.250.240.680.540.58^1^Cactus *Nopalea* + urea + sugarcane bagasse; ^2^Cactus *Opuntia* + urea + sugarcane bagasse; ^3^Tifton hay; ^4^Maize silage; ^5^ Forage Sorghum silage*;*^6^Considering the market prices for silages and hay; ^7^

According to this approach, for ruminant production in semi-arid regions, the necessity of cactus cladodes is becoming re-established; there is an increase in the demand for feed and a high risk of using conventional forages for fencing or silage production. Aiming to not depend on exterior inputs to maintain animal herds with similar available energy, we recommend the use of cactus cladodes associated with urea and sugarcane bagasse, which will guarantee lower diet costs and the sustainability of the production system.

In a performance trial with finishing lambs fed cactus cladodes diets (35% of total DM) associated with MS, TH, or SB, no difference were observed in the DMI 1.1 kg/day and average daily gain 0.19 kg/day (Ribeiro et al. [@CR15]), which indicates that the roughages with cactus cladodes used in our experiment can be applicable to finishing lambs feeding. Thus, we have the technology package (bagasse+cactus+urea/AS) for a lower price than other options and known energetic value ready to formulate diets at different levels of nutrition requirement.
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